There is currently no consensus on the importance of climate change in Mesoamerican prehistory. Some invoke drought as a causal factor in major cultural transitions, including the abandonment of many sites at 900 CE, while others conclude that cultural factors were more important. This lack of agreement reflects the fact that the history of climate change in many regions of Mesoamerica is poorly understood. We present paleolimnological evidence suggesting that climate change was important in the abandonment of Cantona between 900 CE and 1050 CE. At its peak, Cantona was one of the largest cities in pre-Columbian Mesoamerica, with a population of 90,000 inhabitants. The site is located in the Cuenca Oriental, a semiarid basin east of Mexico City. We developed a subcentennial reconstruction of regional climate from a nearby maar lake, Aljojuca. The modern climatology of the region suggests that sediments record changes in summer monsoonal precipitation. Elemental geochemistry (X-ray fluorescence) and δ
18
O from authigenic calcite indicate a centennial-scale arid interval between 500 CE and 1150 CE, overlaid on a long-term drying trend. Comparison of this record to Cantona's chronology suggests that both the city's peak population and its abandonment occurred during this arid period. The human response to climate change most likely resulted from the interplay of environmental and political factors. During earlier periods of Cantona's history, increasing aridity and political unrest may have actually increased the city's importance. However, by 1050 CE, this extended arid period, possibly combined with regional political change, contributed to the city's abandonment.
Mesoamerica | paleoclimate | late Holocene | Cantona | paleolimnology A key uncertainty in the history of pre-Columbian Mesoamerica is the precise relationship between climatic change and major cultural transitions. While some scholars argue for a direct causal link between aridity and the abandonment of many sites (1) (2) (3) (4) , others argue that anthropogenic landscape transformations were more important in facilitating cultural change (5, 6) . A focal point of this debate is the dramatic cultural change that occurred during the Terminal Classic, from ∼850 CE through 1000 CE. Much of this debate has focused on the Maya lowlands (3, 7) , although researchers have also explored linkages between climate and cultural change in Terminal Classic highland Mexico (1, 2, 4) . However, these comparisons have been hindered by a lack of high-resolution paleoclimate records: While paleoclimate records from across Mesoamerica suggest arid conditions at some point during this interval (1) (2) (3) (6) (7) (8) , patterns of climatic change may have been regionally heterogeneous.
The Cuenca Oriental, or Oriental Basin, offers an important setting in which to assess hypotheses about past human−environment relationships. Located east of the Basin of Mexico, in the eastern Trans-Mexican Volcanic Belt (TMVB), the region is marginal for maize agriculture today. Paleoclimate records from this area therefore have broad implications for our understanding of the importance of past climate change in altering the "northern frontier of Mesoamerica," defined as the northern limit of maize agriculture (9) . Moreover, this area was controlled by powerful pre-Columbian city-states in the Classic and Post-Classic periods, and served as an important site of contact between highland Mexico and the cultures of the Atlantic Gulf Coast (10) .
The site of Cantona, in the northern Cuenca Oriental, is particularly intriguing because of its size and mysterious abandonment. The city drew its economic importance from the exploitation of obsidian at the site of Oyameles-Zaragoza, and was a key supplier of obsidian to settlements along the Gulf of Mexico (11, 12) . The site covered over 12 km 2 and housed an estimated population of 90,000 at its peak, but was abandoned between 900 CE and 1050 CE (Fig. 1) . Several authors have speculated that drought was responsible for this abandonment (11) , but before the present study, no detailed paleoclimate records have been available for the Cuenca Oriental. The present climate is strongly seasonal, with rainfall primarily occurring from May through October (Fig. S1 ). This summertime increase in convective activity is driven by the seasonal heating of the land surface, and is linked to the broader circulation regime known as the North American, or Mexican, Monsoon (13) . High-resolution paleoclimatic records can help us understand the long-term variability of this monsoonal system.
Here we report on a subcentennially resolved paleoclimate record from a maar lake, Aljojuca, in the eastern Cuenca Oriental, 30 km south of Cantona (Fig. 1) . We discuss the implications of the record for our understanding of late Holocene
Significance
Researchers have long invoked drought to explain the demise of many pre-Columbian Mesoamerican sites. However, the climatic history of many regions of Mesoamerica remains poorly understood. This includes the region around Cantona, a large fortified city in highland Mexico that was abandoned between 900 CE and 1050 CE. We used stable isotopes and elemental concentrations from lake sediments to reconstruct past climate, and found evidence of regional aridity between 500 CE and 1150 CE. In the initial phase of drought, Cantona's population grew, possibly as a result of regional political instability. However, by 1050 CE, long-term environmental stress likely contributed to the city's abandonment. Our work highlights the interplay of environmental and political factors in past human responses to climate change.
climate variability in Mesoamerica. We also explore the cultural implications of these paleoclimate changes for Cantona and other important pre-Columbian sites in highland Mexico (Fig. 1) .
Results
In 2007, we recovered cores from the maar lake Aljojuca that extend from the sediment−water interface to a depth of 12 m.
Most core sections featured laminated sediments (Fig. S2) . Our Bayesian radiocarbon-based age model indicates that the cores cover the past 6,200 y and feature a high sedimentation rate, with a mean sedimentation rate of 3.5 mm/y, although the sedimentation rate varies over time ( Fig. S3 and SI Materials and Methods). In this paper, we focus on the last 3,800 y of the record, when multiple proxies provide robust evidence of a dry phase between ∼500 CE and 1150 CE (Fig. 2) . While the paleoclimate patterns recorded at Aljojuca may have implications for several pre-Columbian sites, we focus on Cantona, since it is the closest major pre-Columbian site to the lake.
In closed basin lakes, the oxygen isotopic ratio of carbonates reflects changes in the ratio of evaporation to precipitation (E/P), as a high ratio of E/P preferentially concentrates 18 O in lake water (14) . In samples of authigenic carbonates from Aljojuca, we found that oxygen and carbon isotopes covary strongly, indicating closed basin conditions (Fig. S4) (14) . We therefore interpret higher values of δ
18
O [‰ relative to Vienna Pee Dee Belemnite (VPDB)] as indicative of an increase in the E/P ratio and a reduction in summer monsoon strength.
We also interpret changes in sediment geochemistry as an indicator of changes in the strength of the summer monsoon. Increases in the concentration of aluminum, expressed as mass % Al 2 O 3 , reflect terrigenous material (i.e., feldspars and secondary clay minerals) washed into the lake during periods of high precipitation (Fig. S5) . The full suite of elemental geochemistry data supports this interpretation, as fluctuations in concentrations of aluminum covary positively with fluctuations in immobile, terrigenous elements like titanium (Fig. S5) . However, this terrigenous flux may also increase during periods of anthropogenically induced erosion. Our moving average-filtered proxy data show that starting at 0 BCE/CE, values of δ
O become progressively more enriched, with the most enriched values occurring between 500 CE and 1100 CE. Sedimentary aluminum concentrations begin to decline at ∼200 BCE, with minimum values between 550 CE and 1200 CE (Fig. 2) .
The oxygen isotope and aluminum proxy records reflect slightly different trends. Most notably, aluminum concentrations show a return to higher values between 400 CE and 500 CE, while δ
O values remain enriched. Differences between these proxy archives may reflect different timescales of response to climate changes, or sensitivity to other processes. For instance, fluctuations in aluminum may in part be sensitive to changes in anthropogenic land use. However, we suggest that aluminum fluctuations primarily reflect changes in climate rather than anthropogenic land use, at least in the pre-Columbian period. Our age model does show increases in sedimentation rate between 250 BCE and 50 CE and after 1570 CE, which might suggest an anthropogenic influence (Fig. S3) . However, there is a lower sedimentation rate in the drought interval, between 500 CE and 1150 CE, consistent with reduced terrigenous flux into the lake system as a result of climate drying. If sediments strongly reflected anthropogenic erosion, we would expect increased proportions of terrigenous indicators (i.e., Ti or Al) in this time period. Instead, we observe the opposite, with elevated proportions of calcium, indicative of a greater proportion of authigenic minerals, like calcite (Fig. S5) .
Pollen records can provide important indicators of anthropogenic activity, with weedy taxa (e.g., high-spine Asteraceae, Amaranthaceae, or Poaceae) and crop pollen often indicating agriculture (15, 16) . The pollen record at Aljojuca does not reflect land use practices associated with Cantona, since the city is 30 km from the lake, but it can be used to evaluate whether the area around the lake itself was strongly influenced by human activities. Increasing percentages of high-spine Asteraceae pollen at ∼1700 CE may result from Spanish conquest and subsequent land transformation (Fig. 2) . Before at least 1300 CE, we do not see a comparable increase in Asteraceae pollen that may indicate pre-Columbian settlement around the lake. The full suite of pollen data may represent the combined influence of climatic drying and anthropogenic land use (Table S1 ).
Most importantly, despite any pollen evidence for anthropogenic activity around Aljojuca, it is important to note that changes in mass % Al 2 O 3 are not synchronous with the appearance of maize pollen or weedy taxa, as we may expect if the record primarily reflected changes in local, anthropogenically induced erosion instead of climatic processes (Fig. 2) (17) . In addition, both the geochemistry and stable isotope data show evidence of a drying trend between 100 BCE and 1150 CE, culminating in peak aridity between 500 CE and 1150 CE. The overall similarity of the aluminum and oxygen isotope proxy records suggests a climatic driver for the observed changes in both proxies, especially because δ 18 O values of calcite are less sensitive than other proxies to anthropogenic effects.
Comparison of Paleoclimate and Cultural History. In this section, we compare the cultural history of Cantona with the paleoclimatic record developed from Aljojuca. We also discuss the implications of this paleoclimatic record for other important sites in highland Mexico. Recent archaeological research at Cantona has produced a radiocarbon chronology that indicates occupation from 600 BCE to ∼1050 CE (Fig. 2) . Detail on Cantona's excavation and interpretation is available in SI Background.
The first phase of occupation, Cantona I (600 BCE to 50 CE), marked the expansion of the city from two smaller preexisting villages. Isotope and geochemical evidence indicates a relatively wet climate for the majority of this interval. The second phase of occupation, Cantona II (50-600 CE), included a period of strong expansion, by the end of which the city covered 1000 ha and had more than 60,000 inhabitants. Climate exhibited a slow drying trend over this interval. The archaeologists working at the site have suggested that the end of Cantona II was likely a period of major turmoil: They have hypothesized that the destruction of many structures in the civic-religious center suggests a military coup between 550 CE and 600 CE (11, 18) . Subsequently, decreases in religious iconography, increased fortification of the city, and walled streets that restricted mobility suggest a militaristic government that both repelled outside attack and exercised strong control over the city's population (18) . Other hypotheses, like internal revolt or elite takeover, may also be consistent with the evidence of destruction and cultural change in the archaeological record. We refer to this period as a coup to maintain consistency with the dominant explanation in the existing archaeological research on Cantona (18) . We also note that recent research suggests that Teotihuacan was abandoned at ∼550 CE, possibly as a result of internal revolt (19) .
Despite intensifying aridity between 500 CE and 1150 CE, population rose again in the period defined as Cantona III (600−900 CE), reaching an estimated peak of 90,000 at 700 CE. Archaeologists working at the site have suggested that part of this population increase likely resulted from migration from other areas of Mexico (18) . Migrants from the north may have been driven by increasing aridity (20) . This time period was likely one of turmoil elsewhere in highland Mexico, as a result of Teotihuacan's earlier decline, the decline of Cholula between 650 CE and 850 CE, and eruptions of the volcano Popocatépetl (20, 21) . It is possible that this turmoil may have created a flux of migrants to other rising centers of regional power (18, 20) . Cantona is similar to other regional powers that emerged in the late Classic, because it is strategically located, on a basaltic flow with a view of the surrounding landscape (2, 10, 18) . This defensible position may have contributed to the site's persistence, and might have helped the city attract migrants fleeing political turmoil.
The growth of Cantona III was short-lived. Between ∼900 CE and 1050 CE, designated as Cantona IV, the city declined. This interval was marked by the increased construction of defensive infrastructure and emigration. By 1050 CE, the city and its surroundings contained a remnant population of an estimated 5,000 occupants. This population reduction occurs within the period of peak aridity at Aljojuca (Fig. 2) . Analysis of the age uncertainty associated with the δ 18 O proxy values suggests that despite age uncertainty, the entire interval of Cantona IV likely coincided with dry conditions (Figs. S3 and S6 ). The precise social changes leading to abandonment remain unknown, but it may have been internal unrest generated by heightened resource scarcity, or change in regional power dynamics associated with the rise and decline of other sites (18, 20, 22) . After the close of this arid interval, there was a return to much wetter conditions, as well as significant social changes in the Cuenca Oriental and adjacent areas, including the resurgence of Cholula (20) . Cantona itself, however, was permanently abandoned.
Pre-Columbian Vulnerability to Climate Change in the Cuenca Oriental.
A comparison of climate and cultural history suggests some correlation between changes in climate and cultural events: The hypothesized coup that resulted in the transition to Cantona III occurred during a period of drying climate, and the site's final abandonment may have occurred during an extended arid period between 500 CE and 1150 CE. However, during Cantona III, the site's population actually grew during the early part of this dry phase. Identifying correlations between cultural history and climate changes can be difficult: Radiometric dating uncertainty may hinder attempts to identify synchronicity in climatic and cultural histories (23, 24) . Some of these concerns can be ameliorated by quantifying the age uncertainty associated with proxy records, which we have attempted to do using Bayesian age modeling techniques (SI Materials and Methods and Figs. S3 and S6). Furthermore, correlations do not necessarily reveal the social processes that determine vulnerability to climate change (23, 24) . Other lines of evidence can reveal the complexity of human responses to drought: For colonial Mexico, archival sources have provided important evidence on the ways existing administrative practices and social conflicts preconditioned responses to drought (25) . Land use histories inferred from detailed geomorphic evidence have shed light on the ways the ancient Maya adapted to climate change (26, 27) . However, detailed correlative studies, like the one presented here, can identify the extent to which cultural change and environmental stressors track each other, and therefore can serve as the first step in more detailed analyses of human−environment interactions.
Our results suggest that the abandonment of Cantona coincided with one of the driest intervals in the past 3,800 y. However, the strong growth of Cantona III also occurred during this arid interval. This emphasizes the important interplay of environmental and political stresses: A drying climate no doubt stressed agricultural production and water resources, and may have been a contributing factor to the coup that resulted in the militaristic government of Cantona III. The strong, centralized control exercised by this new ruling structure might have regulated access to resources to adapt to resource scarcity. It is also possible that Cantona's strategic location may have attracted migrants, fleeing environmental stress or political upheavals elsewhere in central Mexico, although further research is necessary to explore this hypothesis. Some researchers have linked these late Classic political upheavals with climatic drying (1, 2) . It is important to note, however, that while sites like Cholula underwent significant periods of decline between 650 CE and 850 CE, other factors apart from climate, like invasion or volcanic eruptions, may have played a significant role in these cultural transitions. In addition, other sites like Cacaxtla reached their peak in this time interval (20) . The broader instability of this time period, which may have been in part due to climatic drying, may have briefly increased the importance of Cantona and other sites in defensible locations (20) .
Future research should focus on clarifying the factors that may have increased or decreased vulnerability to drought at Cantona and other pre-Columbian sites. Existing archaeological research does suggest some vulnerability to long-term rainfall reductions at Cantona. Total annual precipitation near Aljojuca is ∼800 mm/y. This is considered marginal for maize agriculture (28) . Some researchers have hypothesized that Cantona imported a portion of its food from regions to the south (18), near Aljojuca, or from the Gulf lowlands (20) . Food storage facilities were likely an important component of long-distance trade networks, and an important adaptation to the unpredictability of local maize yields. Archaeological surveys have located 83 silo-like structures for grain storage (18) . Many are clustered within the civic-religious center, or are located at key strategic locations throughout the city, suggesting that ruling elites controlled resource access (18) . These structures may have been additionally important during periods of rainfall reduction, when lowered agricultural production placed strain on the population.
Water is also scarce in the modern landscape around Cantona. The closest surface water, a presently saline lake, is over 5 km south of the city (11) . Archaeological surveys reveal evidence of cisterns excavated into stone floors throughout the city, which may have stored rainwater. Given the paucity of surface water in the region, these structures may have been the primary mechanism for storing water in the city (18) . This reliance on rainwater collection suggests that the city would have been especially vulnerable to drought. Further work to clarify land use patterns and develop a well-dated history of resource management practices will play an important role in clarifying human−environment linkages at Cantona.
Comparison with Other Paleoclimatic Records. The Aljojuca record displays several similarities to paleoclimatic records from other regions of Mesoamerica. A long-term drying trend, from ∼100 BCE to 1100 CE, is also present in the Punta Laguna ostracod δ 18 O record in the northern Yucatan (7) (Fig. 3) . The period of maximum aridity at Aljojuca roughly coincides with drought intervals at Punta Laguna (7), as well as a period of increased drought frequency inferred at Lake Chichancanab (Fig. 3) (3) .
Centennially resolved lacustrine records from central Mexico suggest a dry phase between ∼700 CE and 1000 CE (8) . In addition, researchers have reported evidence of late Classic droughts in the trace metal record from the Cariaco Basin (29) . However, there are substantial differences between the Cariaco Basin and the Aljojuca records, especially after 1200 CE, suggesting that the Cariaco Basin may not be a good analog for the climate of the Cuenca Oriental (29) . There are also some similarities between the Aljojuca record and a speleothem record from the Sierra Madre del Sur, in western Mexico. Both paleoclimate records show a late Holocene dry period between ∼500 CE and 950 CE (1). However, in the Aljojuca record, this dry interval extends to 1150 CE, and both records show diverging trends between 400 BCE and 100 CE, possibly as a result of regionally different climatic patterns (Fig. 3) . These apparent differences may also be due to differing processes controlling how climate is recorded in lakes and speleothems. For instance, lake calcite δ 18 O often reflects overall lake water balance (e.g., E/P changes), while speleothem calcite δ 18 O reflects the degree of prior rainout of air masses, or the characteristics of local precipitation.
Climatic Interpretation. We suggest that the Aljojuca paleoclimate record reflects multidecadal to centennial scale changes in summertime convective rainfall. The prolonged dry phase recorded from 500 CE to 1150 CE corresponds reasonably well with late Holocene dry phases reported from the Yucatan, despite different regional climatologies. While a long-term drying trend over the Holocene may be attributable to precessional forcing (30) , the termination of the dry phase at 1150 CE implies some other cause. We suggest that these changes may result from teleconnections connected to changes in the Atlantic or Pacific basins.
Evidence from the modern instrumental record and modeling experiments suggest that changes in regional sea surface temperatures (SSTs) can force large-scale, coherent patterns of rainfall change over Mesoamerica. Analysis of instrumental data suggests that developing warm conditions in the eastern equatorial Pacific are tied to dry summer conditions over large regions of Mexico and Central America (31) (32) (33) (34) . An anomalously warm tropical North Atlantic is linked to increased rainfall over the Yucatan and southern Mexico, and decreased rainfall over northern Mexico (35, 36) . Tropical Pacific and Atlantic SST changes may also induce meridional shifts in the mean position of the Intertropical Convergence Zone (37) . Proxy records of El Niño−Southern Oscillation conditions at ∼1000 CE are equivocal: some records show enhanced El Niño-like conditions (38) (39) (40) , while others suggest a La Niña-like mean state (41) . A recent 2000-y SST record identifies cooler SSTs in the tropical Atlantic and reduced Atlantic Meridional Overturning Circulation strength between 650 CE and 800 CE (42) , which could be linked to reduced precipitation over regions of Mesoamerica in the early part of the dry interval we identify. Further modeling studies and efforts to synthesize regional SST and terrestrial precipitation records may clarify the spatial patterns and mechanisms behind late Classic drought in Mesoamerica.
Materials and Methods
Core Recovery. In March 2007, a joint team from Universidad Nacional de Autónoma de México (UNAM) and the German Research Centre for Geosciences recovered one long core and two shorter cores, with lengths of 12 m, 6 m, and 8 m respectively, from Aljojuca maar using an Usinger hydraulic piston coring system. The cores are largely laminated, with occasional turbidites or sections of homogeneous clay. We identified four tephra layers at depths of 353 cm, 551 cm, 885 cm, and 1,041 cm. Core sections were correlated using magnetic susceptibility, high-resolution photographs, and tephra layers.
Chronology. Core chronology was established by radiocarbon dating of 15 samples (SI Materials and Methods and Figs. S2 and S3). Three dates from 383 cm represent replicate dates, one from a charcoal fragment, one from a wood fragment, and one from a pine scale from the same depth. To avoid the influence of hardwater error on radiocarbon dates, we focused on dating terrestrial macrofossils, or, in their absence, concentrations of pine pollen obtained via standard palynological techniques and then separated via cell sorter (Fig. S3) . Two dates were obtained from charcoal recovered from tephra layers at 353 cm and 551 cm.
We use the Bayesian-based age modeling software, Bacon, to create the age model, which estimates sediment accumulation rates using a Markov Chain Monte Carlo technique (43) . This technique allows for the explicit modeling of age uncertainties associated with each depth in the core (SI Materials and Methods and Figs. S3 and S6).
Elemental Geochemistry. Initial qualitative X-ray diffraction revealed that core lithology was dominated by plagioclase, quartz, secondary clay minerals, and authigenic calcite. To quantify fluctuations in elemental geochemistry, we combusted sediments at 550°C and analyzed powder pellets using a ThermoFisher Scientific QUANT'X EDXRF Analyzer. Major element concentrations are expressed in mass % oxide, while minor element concentrations are expressed in parts per million. The precision for major and trace elements reported here ranged between 0.5% and 3.0%. Samples are spaced by ∼40 y.
We interpret the mass % of Al 2 O 3 as an indicator of input of plagioclase and secondary clay minerals from the maar slope walls into the lake system. The flux of Al increases during wet conditions, when enhanced slopewash transports terrigenous material into the lake system (Fig. S5) .
Pollen. Samples for pollen analysis (1.25 cm 3 ) were taken at ∼50-y intervals and processed using standard palynological methods (44) . We counted 300 grains per sample at 400× magnification, except for three samples where concentrations were low, and, in total, identified 108 different pollen and spore taxa (Table S1 ). We also scanned three slides from each level at 100× to identify maize (Zea mays subsp. mays) pollen, monoporate grains with long axis ≥ 90 μm and pore annulus ≥12 μm, as an indicator of local agriculture. We also used Nomarski interference contrast microscopy to eliminate the possibility that these grains represent Tripsacum (45, 46) . Unfortunately, teosinte, the wild relative of maize, is native to this area of the Cuenca Oriental, and the significant morphological overlap between the two pollen types makes it difficult to distinguish domesticated maize from teosinte (46) . Our identifications of maize pollen must therefore be regarded as tentative.
Stable Isotopes. We measured the oxygen and carbon stable isotope ratios of calcite on bulk sediment samples, containing thin laminations of authigenic calcite. We inspected samples to verify the absence of shells or large grains of calcite. Isotope ratios are reported in δ notation in ‰ relative to VPDB. Samples were dried at 50°C for 24 h and measured on an Isoprime Micromass mass spectrometer. Analytical precision for δ 18 O was ± 0.037‰, and ±0.027‰ for δ 13 C, and is reported relative to the standard NBS-19 (n = 12). Samples are spaced by ∼20 y.
We interpret changes in δ 18 O as indicative of changes in the ratio of evaporation and precipitation (E/P). An increase in the evaporation relative to precipitation increases the 18 O content of lakewater: H 2 18 O tends to evaporate more slowly than H 2 16 O, and the higher 16 O content of atmospheric water vapor means that 16 O is preferentially returned to the lake in precipitation (47) . A higher (lower) ratio of evaporation to precipitation would therefore result in higher (lower) δ
18
O. The strong covariance of oxygen and carbon isotope ratios in authigenic calcite (R 2 = 0.82) suggests a hydrologically closed lake system that loses water primarily to evaporation (14, 47) (Fig. S4 ). Groundwater provides a major source of water into the maar lakes of the Cuenca Oriental. However, previous studies suggest that the phreatic zone aquifers around Pico de Orizaba fall on the local meteoric water line, and largely reflect the isotopic ratio of precipitation (48) . Grant HA 2756/8-1. This article is LLNL-JRNL-657962. We thank three reviewers and the editor for their helpful comments.
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